Abstract -Temperate streams flowing through deciduous forests derive most of their energy and carbon from allochthonous organic matter supplied by the riparian vegetation mostly during the autumnal litter fall. The decomposition of this coarse particulate organic matter (CPOM) supports the aquatic foodwebs throughout the year. During the decomposition process, part of the CPOM is converted into fine particulate organic matter (FPOM). In this study, we assessed the relationships among decomposition rates of a dominant litter species, oak leaf litter (estimated by the litter bag approach in the presence and absence of macroinvertebrates), benthic CPOM stock and FPOM flux over 12 months in a temperate mountain oligotrophic stream. We also assessed the relationship between these organic matter variables and environmental variables over the same period. As expected from the seasonality in temperature, litter decomposition rates varied over the year and were positively correlated with water temperature and dissolved phosphorus concentration. However, benthic CPOM stock did not significantly change over the year; the higher rainfall in winter and the higher litter decomposition in spring might have compensated for each other in keeping the CPOM stock fairly constant year round. FPOM flux was positively correlated with litter decomposition rates as expected, and this relationship was primarily driven by the activities of detritivores and not of microbes. We can anticipate changes in the carbon cycle, both locally and downstream, if oligotrophic montane streams are subjected to temperature increases (e.g., due to removal of riparian vegetation or in a global warming scenario) and nutrient enrichment from effluents or agricultural activities.
Introduction
In temperate regions, small forest streams constitute the majority of streams in a hydrological basin (Allan and Castillo, 2007) . These streams are generally shaded by the riparian vegetation, which limits autochthonous primary production, but simultaneously provides the aquatic foodwebs with an alternative food source. The litter provided by the terrestrial vegetation, mostly in the form of leaves (Molinero and Pozo, 2004) , is the main source of energy, carbon and nutrients for aquatic organisms (Vannote et al., 1980) . The decomposition of this litter is therefore the basic ecosystem process in small shaded streams. The major litter input in temperate streams occurs during autumn/winter (Abelho and Grac¸a, 1996; Molinero and Pozo, 2004; Richardson et al., 2009) , and the decomposition of this organic matter generally supports aquatic foodwebs throughout the year. Once in water, litter is leached from soluble compounds, which results in the loss of up to 42% of initial litter mass to dissolved organic matter (Abelho, 2001) . After the leaching, and the release of secondary compounds (e.g., phenolics), the coarse particulate organic matter (CPOM) remaining in the benthos is degraded by the activities of aquatic microbes, primarily aquatic hyphomycetes, and invertebrates, primarily detritivores (Hieber and Gessner, 2002; Cornut et al., 2010) . These organisms convert dead organic matter into biomass that is then transferred to higher trophic levels, and simultaneously mineralize organic carbon into CO 2 and release large amounts of fine particulate organic matter (FPOM) that is used by collectors locally and further downstream (Ba¨rlocher and Brendelberger, 2004; Jonsson and Malmqvist, 2005; Cornut et al., 2010) .
As an integrative process, litter decomposition is sensitive to changes in environmental conditions that affect fungal and detritivore communities and activities. Moderate increases in temperature and nutrient availability, for instance, have been shown to stimulate fungal and detritivore activities, which translates into accelerated litter decomposition (Rosemond et al., 2002; Ferreira et al., 2006b; Gulis et al., 2006) . Litter decomposition rates partially determine the CPOM standing stock and the FPOM flux: for instance, faster decomposition rates can lead to decreases in the CPOM stock in the benthos and to increases in the amount of FPOM transported downstream (Cuffney et al., 1990) . Forest type and stream hydromorphology can also modulate the amount of benthic CPOM and FPOM flux (Cuffney and Wallace, 1989; Larran˜aga et al., 2003; Molinero and Pozo, 2004; Richardson et al., 2009) .
Here, we assess the relationships among decomposition rates of oak leaf litter, benthic CPOM stock and FPOM flux over 12 months in a temperate mountain oligotrophic stream. We also assessed the relationship between these organic matter variables and environmental variables over the same period. Temperate streams flowing through deciduous forests receive most of the annual litter input during the autumnal litter fall, which establishes the maximum possible CPOM standing stock. Discharge and retentive structures act directly, while water physicchemical variables (e.g., temperature, nutrient concentration) act indirectly, through its effects on the biota and litter decomposition rates, determining the CPOM stock in the benthos and the FPOM flux throughout the year. Since in temperate regions there is seasonality in temperature and rainfall, we hypothesize that litter decomposition rates, benthic CPOM stock and FPOM flux will vary over the year. Litter decomposition is expected to be positively correlated with water temperature and FPOM flux, while negatively correlated to benthic CPOM stock. The understanding of the relationship between organic matter variables and environmental variables in pristine or nearly pristine streams is necessary to allow predictions on the response of organic matter dynamics in the face of anthropogenic pressures.
Methods

Study site
This study was performed in a branch of a second-order mountain stream in Central Portugal (Ribeira do Candal, Lousa˜Mountain; 40x4'44''N, 8x12'10''W, 620 m asl) . This nearly pristine stream drains an area of 0.8 km 2 covered by mixed deciduous forest dominated by chestnut (Castanea sativa Mill.) and oak (Quercus robur L.). The study reach is approximately 20 m long, 0.5 m wide and 10 cm deep, and ends in a small waterfall. The bedrock is schistose and the stream reach substrate is composed mainly of cobles, pebbles and sand. The stream usually flows year round, but may dry in hot and dry summers, which has occurred more frequently in the last few years.
Rainfall and water variables
From November 2010 to February 2012, rainfall was determined at approximately weekly intervals at the stream site by using two pluviometers, each displaced on each side of the stream, which allowed the collection of rain water in a known area (15 cm diameter). The water retained in the two pluviometers was averaged. Results were expressed as total rainfall per month (mm).
During the same period, water temperature was recorded hourly using a submerged data logger (Hobo Pendant, Onset Computer Corp., Massachusetts, USA). Hourly temperature records were averaged to produce daily means and results were expressed as mean monthly temperature ( xC). Electrical conductivity (LF 330, WTW, Weilheim, Germany), pH (pH 3110, WTW) and oxygen saturation (Oxi 3210, WTW) were recorded at approximately weekly intervals using field probes. Discharge was determined by the volumetric method at the beginning of the stream reach by recording the time needed to fill a 10-L bucket. At the same time 300 mL of stream water were collected, filtered through glass fiber filters (47 mm diameter, 0.7 mm pore size; Millipore APFF04700, Millipore, Massachusetts, USA), transported in a cooler to the laboratory, and frozen until analyzed for nutrient concentrations. Nitrate concentration was determined by ionic chromatography (Dionex DX-120, Sunnyvale, CA, USA), and soluble reactive phosphorus (SRP) concentration was determined by the ascorbic acid method (APHA, 1995) . Alkalinity was determined by titration of 50-100 mL of stream water with H 2 SO 4 0.02 N to an endpoint of pH 4.2 (APHA, 1995) . Results were expressed as mean daily values for each month. Environmental variables were not determined in July-October 2011 because the stream reach was dry.
Leaf litter decomposition
Oak (Q. robur) leaves were collected just after abscission in Cioga do Campo, Central Portugal, in autumn 2008, air-dried at room temperature and stored in the dark until needed. Monthly, from late October 2010 to late January 2012, leaves (2.25-2.58 g) were enclosed in coarsemesh bags (CM; 10r 12 cm, 10 mm mesh) and in finemesh bags (FM; 10r 12 cm, 0.5 mm mesh) to include or to exclude macroinvertebrates, respectively. Six litter bags of each mesh size were deployed at the end of each month in the stream reach and leaves allowed to decompose for 30 days. Litter decomposition was not determined in JulyOctober 2011 because the stream reach was dry. Upon collection, litter bags were placed individually in zip-loc bags, transported to the laboratory in a cooler and promptly processed. In the laboratory, leaves were rinsed with tap water over a 0.5 mm mesh sieve to recover small leaf fragments. Remaining litter was oven-dried (105 xC, 48 h), weighed ( ¡ 0.1 mg), ignited (550 xC, 4 h) and reweighed to allow determination of ash-free dry mass (AFDM) remaining. On day 0, three extra litter bags for each mesh type were taken to the field, submerged for approximately 10 min, returned to the laboratory and treated as above to allow determination of initial AFDM. The fraction of AFDM remaining (AFDM remaining/ initial AFDM) in each month was Ln-transformed and used to compute the litter decomposition rate assuming an exponential decay over 30 days, and results were expressed as decomposition rate (k) per day.
CPOM in the benthos
CPOM in the benthos was sampled with perforated plastic trays (21 r 13 r 6 cm) that were filled with clean stream sediment and incubated in the stream. Monthly, from October 2010 to January 2012, three trays were placed along the stream reach and retrieved after 30 days of incubation. CPOM stock was not determined in JulyOctober 2011 because the stream reach was dry. The trays were bagged individually and transported to the laboratory in a cooler. The content of the trays was rinsed with tap water over a 0.5 mm mesh sieve, and CPOM (> 0.5 mm) was sorted. CPOM was oven-dried (105 xC, 48 h), weighed (¡ 0.1 mg), ignited (550 xC, 4 h) and reweighed to allow determination of AFDM. Results were expressed as g AFDM per m 2 .
FPOM in suspension
FPOM in suspension was sampled once each month, on the same day as benthic CPOM and litter bags collection. Monthly, from November 2010 to February 2012, three 5-L plastic bottles were filled with stream water at the end of the study reach; care was taken to avoid disturbing the sediment before and during water collection. FPOM in suspension was not determined in July-October 2011 because the stream reach was dry. The bottles were promptly transported to the laboratory, the water was filtered through ignited glass fiber filters (47 mm diameter, 0.7 mm pore size; Millipore APFF04700, Millipore) and the filters were stored at x20 xC until processed. Filters were lyophilized over night, weighed (¡ 0.1 mg), ignited (550 xC, 4 h) and reweighed to allow determination of AFDM. FPOM flux in mg AFDM per second was determined by multiplying FPOM mass in 1 L of stream water with discharge.
Data analyses
Litter decomposition rate, CPOM stock and FPOM flux were compared among months by Krushall-Wallis test since this is the safest way to analyze data based on small sample sizes. Leaf litter decomposition was compared between coarse and fine mesh bags for each month (fraction AFDM remaining, N = 6) by t-tests, and across months (k.d x1 , N = 12) by paired t-test. Significant differences were set at Pj 0.050. Relationships between organic matter variables and water variables were assessed by Pearson correlation as we anticipated them to be linear; significant correlations were set at P j 0.050. All analyses were performed with Statistica 7 software (StatSoft Inc., Tulsa, Oklahoma, USA).
Results
Rainfall and water variables
The study reach was located in a temperate region. As expected, the maximum rainfall occurred during the winter months (November-February), although the winter was drier in 2011/12 than in 2010/11. No rainfall was registered during the summer months. Water temperature also presented seasonality with lower temperature during November-March and increases from April.
During the study period (November 2010-February 2012), the stream was circumneutral (7.3 ¡ 0.1 pH units, mean¡ SE), softwater (5.3 ¡ 0.4 mg CaCO 3 .L x1 ), well oxygenated (91.0¡ 3.6% O 2 saturation) and oligotrophic (61.6¡ 10.1 mg NO 3 -N.L x1 ; 11.1 ¡ 4.0 mg SRP.L x1 ) ( Table 1) .
Organic matter variables
Litter decomposition rate varied between 0.0056 and 0.0421. (Fig. 1) .
Mean monthly CPOM stock in the benthos ranged between 11 and 176 g AFDM.m x2 (Fig. 2) . However, CPOM stock did not statistically differ among months (Kruskal-Wallis, P > 0.598), which can be attributed to (Fig. 3) .
Relationships between organic matter variables and water variables
Decomposition rates in fine mesh bags and FPOM flux were positively correlated with decomposition rates in coarse mesh bags (Pearson correlation, r= 0.80, P = 0.002 and r= 0.59, P = 0.043, respectively). No relationship was found between CPOM stock and any other organic matter variable (Pearson correlation, r< x 0.34, P > 0.280), nor between FPOM flux and decomposition rates in fine mesh bags (r= 0.29, P = 0.361) ( Table 2 ). Litter decomposition in both mesh bags was positively correlated with water temperature (Pearson correlation, r = 0.77 in CM and 0.74 in FM, P < 0.006) and SRP concentration (r= 0.91 in CM and 0.74 in FM, P < 0.006) ( Table 2) . Litter decomposition in coarse mesh bags was also positively correlated with electrical conductivity (Pearson correlation, r= 0.71, P = 0.010) and negatively correlated with nitrogen concentration (r= x 0.70, P = 0.011) ( Table 2 ). It should be noted that nitrogen and SRP concentration were negatively correlated (Pearson correlation, r = x0.81, P= 0.001), while SRP and water temperature were positively correlated (r= 0.76, P = 0.004). CPOM stock was not significantly correlated with any water variable (Pearson correlation, jrj< 0.29, P > 0.361), while FPOM flux was negatively correlated with pH (r = x0.67, P= 0.017) ( Table 2 ).
Discussion
Decomposition of oak leaf litter varied seasonally, with faster litter mass loss in spring than in autumn and winter. This seasonality in litter decomposition can be explained by increases in water temperature and SRP concentration in April-June, as suggested by the positive correlation between decomposition rates and these water variables. Previous studies have also shown faster litter decomposition rates in warmer than in colder seasons (Chergui and Pattee, 1990; Swan and Palmer, 2004; Nikolcheva and Ba¨rlocher, 2005; Ferreira et al., 2006a) and also when nutrient availability increases (Rosemond et al., 2002; Gulis et al., 2006) . The simultaneous increase of both water variables, as in our study, was shown to have synergistic effects on litter decomposition in a laboratory study . The stimulatory effect of increases in temperature and nutrients on litter decomposition is most likely mediated by enhanced microbial and detritivore activities. Increases in temperature in the range observed in this study (5.5-12.8 xC) have been shown to stimulate fungal growth and reproductive activity that results in the conversion of litter carbon into fungal carbon with the consequent decrease in litter mass (Dang et al. 2009; Ferreira and Chauvet, 2011) . Also, the study reach was oligotrophic, which means that the microbial activity was probably nutrient limited (also note that oak litter is nutrient poor; Gulis et al., 2006) and therefore highly sensitive to even small increases in nutrient availability. Increases in SRP concentration in the range observed in this study (1.3-44.2 mg.L x1 ) stimulated fungal and bacterial activities and litter decomposition in previous studies (Rosemond et al., 2002; V. Ferreira et al.: Ann. Limnol. -Int. J. Lim. 49 (2013) 13-19 Suberkropp, 2003; Gulis et al., 2006) . Detritivore growth and feeding activities are also stimulated by increases in temperature within the range observed here (Gonza´lez and Grac¸a, 2003; Azevedo-Pereira et al., 2006) . However, detritivores prefer litter already colonized by fungi since it is softer, has higher nutrient concentration and is enriched with exoenzymes that aid the invertebrates in the degradation of complex polysaccharides (Grac¸a et al., 2001; Canhoto and Grac¸a, 2008; Chung and Suberkropp, 2009 ). The general dependence of detritivores on fungi explains the positive correlation between microbial-induced and overall litter decomposition.
The correlation between litter decomposition and dissolved phosphorus can, however, have an alternative interpretation: the dynamics of dissolved nutrient concentrations over the year can be a result of the annual dynamics of litter fall and decomposition. During seasons of high biological activity, nutrient immobilization might lead to decreases in the concentration of dissolved nutrients (Mulholland, 2004; Webster et al., 2009 ). In the study stream, high biological activity occurs most likely during autumn/winter, when litter input is maximal (Abelho and Grac¸a, 1996; Molinero and Pozo, 2004; Richardson et al., 2009) and litter is colonized by microbes and invertebrates (Hieber and Gessner, 2002; Cornut et al., 2010) , and early spring, when primary production is enhanced by the increase in temperature and irradiation as the canopy still did not close (Izagirre and Elosegi, 2005) . These changes in biological activity over the year might explain the lower SRP concentration during November-March. The effect of nutrients mineralization on dissolved nutrient concentration is more scarce (Webster et al., 2009) .
The seasonality in overall litter decomposition (in coarse mesh bags) might also be correlated with detritivore phenology. In temperate regions, most invertebrate detritivores are insects from the orders Plecoptera and Trichoptera (Boyero et al., 2011) , which have their life cycles synchronized with the autumnal litter fall so that early instars take advantage of the organic matter that enters the streams in autumn/winter. The decomposing litter supplies detritivores until spring/early summer, when the individuals are ready to emerge as winged adults (Cummins et al., 1989) . The faster litter decomposition in coarse mesh bags in March-June might be partially due to the activities of late and large instars of Capnidae, Leuctridae and Nemouridae plecoptera, Lepidostomatidade, Limnephilidae and Sericostomatidade trichoptera, and Tipulidae diptera, present in the study reach. In a nearby stream, Gonza´lez and Grac¸a (2003) found the largest individuals of Sericostoma vittatum (Rambur) during spring months. Benstead and Huryn (2011) attributed the extreme seasonality of willow litter decomposition in an arctic stream primarily to detritivore phenology, while water temperature remained fairly constant over the year.
In our study, benthic CPOM stock did not significantly differ among months, which agrees with a previous report that found no seasonality in CPOM stock in streams flowing through deciduous forest, but high seasonality in streams flowing through eucalyptus forests in central Portugal (Abelho and Grac¸a, 1996) . However, Abelho and Grac¸a (1998) in other streams and Molinero and Pozo (2004) found seasonality in benthic CPOM standing stock in streams flowing through deciduous forests, with higher CPOM stock in late autumn/winter. The annual dynamics of CPOM stock partially depends on the forest composition (Abelho and Grac¸a, 1996; Molinero and Pozo, 2004) . The phenology, quantity and quality of litter inputs, which vary with forest composition, determine the benthic CPOM standing stock over the year directly, and indirectly by influencing the sensitivity of submerged litter to transport downstream (e.g., Canhoto and Grac¸a, 1998; Larran˜aga et al., 2003) and to decomposition (e.g., high quality and soft litter decomposes faster than low quality and hard litter; Gessner and Chauvet, 1994) . In our case, the absence of significant difference in CPOM standing stock over the year might be partially explained by chestnut and oak trees shedding leaves mostly during November-December and during January-February, V. Ferreira et al.: Ann. Limnol. -Int. J. Lim. 49 (2013) 13-19 respectively, chestnut leaves decomposing faster than oak leaves (Molinero et al., 1996; Ferreira et al., 2012) , and chestnut fruits and cupules remaining in the stream for very long periods. The differences in CPOM stock among studies addressing similar forest streams might also be due to differences in stream characteristics as channel gradient, current velocity and the presence of retentive structures, which have been shown to affect litter retentiveness and consequently benthic organic matter stock (Larran˜aga et al., 2003; Richardson et al., 2009 ). Although differences in stream characteristics might help explaining differences between our results and those of previous studies, they do not seem to contribute to explain the CPOM stock within our stream over the study period. Also, although litter decomposition was faster in the warmer months than during winter, this did not translate into a decrease in benthic CPOM standing stock during the warmer months. The absence of seasonality on CPOM stock might be explained by a positive correlation between rainfall and litter fall: higher rainfall in autumn and winter than in spring, which might have flushed litter downstream in the colder months compensating for the higher litter input during this period. We have to keep in mind, however, the high spatial variability as denoted by the large error bars associated with the monthly CPOM values. FPOM flux tended to be higher in the warmer than in the colder months, which was expected as a result from accelerated litter decomposition in the warmer months. Invertebrate-induced litter fragmentation and feces production, litter maceration by microbes and conidial production by aquatic hyphomycetes lead to the production of large amounts of FPOM (Cummins and Klug, 1979; Gessner et al., 1999) . The important role of invertebrates on FPOM production was demonstrated by Cuffney et al. (1990) by comparing the FPOM exported from a control stream and a stream treated with pesticide, before and after treatment started; annual FPOM export decreased drastically in the treated stream after pesticide addition when compared with the control stream or the pretreatment year, which was correlated with a decrease in litter decomposition (Cuffney et al., 1990) . The increase in FPOM flux in the warmer months might also be attributed to increases in conidial production induced by warmer temperature; higher water temperature usually stimulates conidial production by leaf decomposition fungi (Nikolcheva and Ba¨rlocher, 2005; Ferreira and Chauvet, 2011) . Nevertheless, the fact that FPOM flux correlates with litter decomposition in coarse mesh bags but not in fine mesh bags suggests that invertebrate activity on decomposing litter is probably the main pathway for FPOM production in our stream. Soil organic particles or periphyton fragments might also contribute to FPOM in streams (Sakamaki and Richardson, 2011) . However, this was probably not the case here since higher FPOM flux was found in months with low rainfall and consequently low transport of soil particles to the stream. Also, the study stream was shaded by the riparian trees during the months of higher FPOM flux, and therefore the instream primary production was probably low. This study suggests that water temperature and dissolved nutrients (SRP in our case) are major environmental drivers of litter decomposition in temperate montane oligotrophic streams. In these streams, litter decomposition is most sensitive to simultaneous increases in temperature and nutrient availability through its stimulatory effect on microbial and invertebrate activities. Changes in the rate of litter decomposition affect the amount of FPOM that is transported downstream, which might impact foodwebs where collectors are important components (Ba¨rlocher and Brendelberger, 2004; Jonsson and Malmqvist, 2005) . Therefore, we can anticipate changes in the carbon cycle, both locally and downstream, if these streams are subject to temperature increases (e.g., due to removal of riparian vegetation or in a global warming scenario) and nutrient enrichment from effluents or agricultural activities.
